Geochemical indicators of weathering and Cenozoic palaeoclimates in sediments from CRP-1 and CIROS-1, McMurdo Sound, Antarctica by Krissek, L. A. & Kyle, P. R.
INTRODUCTION 
l l i r  ( ':ipe Roberts Pro.ject is a mill t inalion;il cooperative 
drillinp pro.ject. dcsipiccl to use sediment cores as the basis 
forreeoiis~~-~icli~ig (lie tectonic and climittic histories of the 
western side o l  McMurdo Sound and ilic ad,jacent portion 
of Has1 Aiit;ircticti l'or the period fro111 30 M a  to 
iipproxiiiiiitely 100 M:I. 
One o l  the goals of the Cape Roberts Project is t o  
rccons~i~ici the palaeodimiitic history oftlie western Ross 
Sea region, s o  biological and inorganic indicators of 
~-laIiicodimate arc bcingexamincd by a numberof the post- 
drillingstudies discussed in this volume. The objective of 
this paper is io discuss the record provided by one such 
indicator, Lhe Chemical Index of Alteration (CIA) of 
Nesbitt & Young (1982). The CIA is calculated from the 
major clement geochemistry of bulk sediment samples. 
and was originally proposed as a means to quantify the 
extent to which sedimcnts have experienced chemical 
weathering. 
In this paper, the stratigr~~phic record of CIA values in 
samples from CRP- 1 is presented and discussed. In order 
to place this record in a longer-term context, the CRP- 1 
CIA values arc compared with CIA values for older 
sediments recovered from the CIROS-l ciri11ho1e. This 
combined dataset suggests that chemical weathering effects 
have been consistently and significantly low in the region 
since the Oligocene, as would be expected in a glacially 
MATERIALS AND METHODS 
I n  this study. 72 CRP-1 samples were iinaly~cd for  
ma,jor and trace elements by x-ray I'lo~~rcscence (XRF) 
(Tab. I ). Twenty-five were bulk samplcs. collected from 
the finest grained lithologics available and taken at 
approximately 5 m intervals from 2 1 to 148 mbsf. The 
other 57 samples were splits of the bulk Sine fraction 
( 4 3  pm) generated during processing for foraininifera. 
These "foram residue" samples were analyzcd because 
they provided a consistently small grain size, which is 
most appropriate for calculating the CIA. 
The XRF analyses were made at New Mexico Tech 
using a Pliilips PW2400 spectrometer. For all 72 samples, 
major elements and selected trace elements (CS, Ni. CLI. 
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Zn. Sr. Zr. Ba. Pb) were dcterminecl on glass disks formed 
hy fu~ ing  1 gram o f  sample with 6 grams of a lithium 
hosate flux (35.3% lithium tetraborate. 64.7% lithium 
inetaborate) in  a 95% Pt5%Au crucible at 1 200Â°C There 
w:is sufficient sample available for 34 samples to allow 
additional trace elements to be determined on pressed 
powder samples (Norrish & Chappell. 1977). The X R F  
was calibrated using a wide variety of well-analyzed rock 
standards. In-house standards were used to monitor the 
iiinilytical precision, cind proficiency tests administered by 
the International Association of Geoanalysts provide data 
on the analytical accuracy. 
The primary goal of this paper is to examine the CIA 
index, so no attempt is made here to examine all of the 
ma.jor and trace element data from CRP-1. Instead, the 
complete dataset is listed here primarily for use by other 
workers. The AI-oxide and Ti-oxide data, however. are 
also used here in a preliminary effort to evaluate the effect 
of sediment provenance changes on the CIA record from 
CRP- 1. 
The CIA is calculated as 
CIA = [Al,OJ(AliO, + CaO* +Na.,O + K.,O)] X 100 
where the elemental abundances are expressed as molar 
proportions. and CaO* represents the CaO contained only 
in the silicate fraction. For these CRP-1 samples, the CaO 
content of the silicate fraction is assumed to equal the CaO 
content of the bulk sample: i.e.. biogenic carbonate and 
biogenic apatite are assumed to contribute little or 110 CaO 
to the bulk sample. The CaO contribution from biogenic 
carbonate is judged to be insignificant for two reasons: 1) 
with one exception. total carbon abundances (carbonate 
carbon + total organic carbon) measured previously in 
samples from CRP-1 are 0.6% or less (Cape Roberts 
Science Team, 1998). The one exception is a carbonate- 
rich interval at 3 1.89 - 33.82 mbsf. but that interval has not 
been sampled for this study of CIAs; and 2) "loss-on- 
ignition" (LOI) values for this sample set are relatively 
low (Tab. 1). CaO contents have been corrected for a 
contribution from biogenic apatite in some other studies 
(e.g..  Fedo et al., 1995) by assuming that all P,0, is present 
as biogenic apatite. Such a correction has not been made 
for the CRP-1 samples because high-P volcanics (the 
McMurdo Volcanic Group) are a potential source rock 
and may contain P in inorganic forms. 
The CIA is generally used to provide an indication of 
the abundance of "unweathes-ed" original material relative 
to the abundance of chemical weathering products; the 
'unweathered" materials of particular interest are the 
feldspars, which arecommon andcontain relatively mobile 
Ca, Na, and K, whereas the chemical weathering products 
of particular interest are the AI-rich clays. However, the 
CIA of a sample can also be affected by the grain size of 
the sample and by the provenance of the sediment. as 
discussed in more detail below. 
The CIA of a sediment increases as the extent of 
chemical  weathering increases ,  f rom values of 
approximately 50 for "unweathered" feldspar-rich rocks 
to values near 100 for highly weathered, kaolinite- or 
gibbsite-rich sediments. CIA values for "average" shales, 
dominated hy illile. range 1'roni 7010 75 (Young & Niislii~~, 
OOS). The C'lA value fora sediment also fends t o  ii~'n\;isr 
i s  grain si1.c decreases. because clay ininei~iils iiir 
pi'cl'erenliallyenriched i n  the finest grain siLes. A.s a 11-siil~, 
the C I A  was originally proposed for use with trm' sli:ilcs 
oi'"liititcs'' (Ncshilt & Young. 1982). In  a sequence when' 
ti'nc shiiles ;ire rare. such as the section cored t i l  ( ' R I '  l ,  
care must he taken to consider the potential eft'ec~ ( - i l ' ~ i . ; i i n  
siLe variations o n  stratigraphic trends in the CIA. The 
provenance effect is particularly important if sedimer~ 
provenance changed significantly during deposilion of :I 
stratigraphic sequence. and if any of the potential scdiinci~t 
sources has an unusual geochemical composition, Such :I 
provenance effect must be considered for C R P -  1 and 
CIROS-1 because potential source rocks inc l i~ lc  l\vo 
basic igneous units. the McMurdo Group Voletinics and 
the Ferrar Dolerite. whose bulk geochemistries prodncr 
CIA values lower than the CIAs of  inw weathered I'ckls~iiii~. 
ClAs for sediments from CIROS-1 were c;ilcnl:ilcd 
using the published geochesnical data of Roser &. Pyin* 
( 1989), without correcting for CaO contained in c;ii'honatt' 
or biogenic apatite. Only the pertinent data for ~Iicsc 
samples is reproduced in table 2; the complete cliilasel is 
tabulated in Roser & Pyne (1989). Only samples from the 
CIROS-1 ~nudstone lithofacies were used. in order to 
minimize the effects on grain size variations o n  the 
calculated CIA values. After the initial CIA calc~~lalion. 
m~ldstone samples with CaO abundances greater than 59; 
were deleted from the CIROS- 1 dataset, on the assum ption 
that these samples might contain carbonate phases. This 
assumption could not be evaluated independently b e c i i i ~ ~ ~  
mineral compositions were notprovidedforthese samples. 
Because a detailed age-depth model is not presently 
available for samples from CRP-1. the CIA profile for 
CRP-l is plotted as a function of sub-bottom depth. A 
more detailed age-depth model is available for samples 
from CIROS-1 (Wilson et al., 1998), but that age-depth 
model is not used here because of the limitations on age 
assignments at CRP-1. Instead, the CIROS- 1 CIAs are 
plotted in two ways: first, as a function of sub-bottom 
depth at CIROS-1, and second, on a simple cumulative 
depth section constructed by placing the base of CRP- 1 at 
the top, of CIROS-1. This cunlulative depth section places 
the CIROS-l and CRP-1 data in the proper stratigraphic 
order. even if the absolute positions of samples within the 
overall stratigraphic section are incorrect. 
DATA AND RESULTS 
The complete dataset, the calculated CIAs, and the 
calculated Al-oxide1Ti-oxide ratios for the 72 samples 
from CRP-l are presented in table 1 .  Selected major 
element abundances (from Roser & Pyne, 1989), LOIs. 
total elemental abundances, Al-oxide1Ti-oxide ratios, and 
CIAs for the 50 mudstone samples from CIROS-1 are 
presented in table 2. 
In order to assess the possible effect of larger grain 
sizes on the CRP-l CIA values, the CIAs of bulk samples 
were compared to the CIAs of nearby "foram residue" 
samples. Twenty-one pairs of samples were identified in 
which the bulk sample and tlie "foram residue" sample 
were taken within approximately one metre of each other; 
tlie linear regression line for these 21 pairs of CIA values 
had a slope of 0.967 and an r value of 0.97, indicating that 
the CIA values for the bulk and the "foram residue" 
samples were essentially equal. This suggests that the 
CRP-1 CIA values are not affected significantly by the 
presence of sand-sized or larger grains. 
The stratigraphic profile of CIA values for the entire 
CRP-1 dataset (both bulk samples and "forain residue'' 
samples) is presented in figure 1. The average CIA is 42.4, 
with a standard deviation of 1.3, and only a few samples 
have CIAs less than 40 or greater than 45. The CIA profile 
shows a slight decrease upsection. although without any 
major stepwise changes. 
On first examination, the low CIA values throughout 
theCRP-l profilesuggest that this siteconsistently received 
sediment that had undergone little or no chemical 
A 
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58.0 
weathering during the early Miocene and the Quaternary. 
This interpreted input of unweathered or weakly weathered 
material is in agreement with the importance of glacigenic 
lithofacies throughout CRP- 1 .  However, the fact that CIA 
values for CRP- 1 areconsistently less than 50, which is the 
value cited for unweathered feldspar by Nesbitt & Young 
(1982): indicates that primary phases with higher original 
WA1, Ca/Al, or Na/Al ratios than those found in feldspars 
must be present. As aresult. thepossibleeffects ofprovenance 
changes on this profile must be considered, because the 
upsection decrease in CIAs at CRP-1 could be produced 
either by a decrease in the amount of weathering or by an 
increase in the relative importance of material whose low 
"apparent CIA" is independent of its weathering history. 
Roses & Pyne (1989) sumnlarised the representative 
geochemical compositions of six source terrains thought 
to have supplied sediment to CIROS-1: because CRP-l 
and CIROS-1 are located only 70 km apart and are in 
CRP-1 CIA 
0 10 20 30 40 
0 -. 
-1.2 Ma 
Fig. I - CIA values for all samples (bulk and foram residue) from CRP- 1 ,  
plotted r.5 sub-bottom depth. General age boundaries are shown for the 
Quaternary andMiocene sections of the core. Noteslight decrease in CIA 
values upsection. 
similar geologic settings, similar source terrains can be 
expected to have supplied sediment to CRP-l. As a result, 
the source terrain compositions summarised by Roser & 
Pyne (1989) are used here to examine the potential effects 
of provenance changes on the CIA record at CRP- 1 (and 
subsequently, at CIROS- 1). The six potential source terrains 
are: 1) basement rocks (e.g., granitoids of Ferrar Valley), 
2) lower Beacon Supergroup sediments (Weller Coal 
Measures through to the Windy Gully Sandstone), 3) 
Fen-as Dolerite, 4) McMurdo Volcanic Group basanites, 
5) McMurdo Volcanic Group trachybasalts to trachytes, 
and 6) Lashly Formation sediments. Selected major element 
oxide abundances for these six source terrains are listed in 
table 3, together with the resulting CIAs and Al-oxide1 
Ti-oxide ratios. 
The AI-oxide1Ti-oxide ratio of a sediment can serve as 
a preliminary indicator of that sediment's source rock 
composition (Nesbitt, 1979; Young & Nesbitt, 1998) for 
two reasons: 1) the ratio varies markedly in primary 
igneous rocks, from approximately 10 for basalts and 
gabbros to approximately 47 for granites (LeMaitre, 1976), 
and 2) AI and Ti are both considered to be relatively 
immobile under most weathering regimes. As shown in 
Smoothed CUP-1 AI-oxide/Ti-oxide 
5 10 1 5 20 t'tl 
l , - h- , 
"F-', 
Fig. 2 - Al-oxide1Ti-oxide ratios for all samples from CRP- I ,  s~noolhcd 
with a 5-point moving average and plotted 1,s sub-bottom depth. Nolc 
major decrease in the ratio at 62 mbsf. resulting from increased supply 
of McMurdo Volcanic Group material. 
figure 2, Al-oxide1Ti-oxide ratios in CRP- 1 avcrage 
approximately 15 below 62 mbsf, and vary from 
approximately 8 to 24. The AI-oxide1Ti-oxide value 
decreases markedly at62 mbsf, and averages approximately 
11 above that level. Comparing the Al-oxide1Ti-oxide 
values of the potential source terrains, listed in table 3, to 
the CRP-1 profile indicates that the sediments below 
62 mbsf could be developed by mixing McMurdo Volcanic 
Group material with Ferrar Dolerite, basement rocks, or 
Beacon/Lashly sediments. The only explanation for the 
Al-oxide1Ti-oxide decrease above 62 mbsf, however. is an 
increase in the relative contribution of McMurdo Volcanic 
Group material. This shift in overall sediment provenance 
at 62 mbsf (approximately 18-19 Ma) has also been 
recognized in the sand fraction of CRP-l, where the 
abundance of sand-sized volcanic detritus increases 
markedly at 62 mbsf (Cape Roberts Science Team, 1998). 
The upsection decrease in Al-oxide1Ti-oxide ratios at 
CRP-1 indicates that McMurdo Volcanic Group material 
is relatively more abundant above 62 mbsf; this provenance 
change must also be examined for its possible effects on 
the CIA profile. As listed in table 3, the CIA values for 
unweathered McMurdo Volcanic Group material are low 
Tab. 3 - Selected geochemical data for CIROS-1 sediment source terrains (from Roser & Pyne. 1989). 
Source Ten'ane SiO, A1203 TiOi CaO Na20  K O  Pi05 CIA AliO',^TiOi 
Basement 65.25 16.14 0.72 3.88 3.63 3.69 0.17 48.7 22.4 
Lower Beacon 89,73 5.7 0.24 0.68 0.2 1.44 0.02 64.6 23.8 
Ferrar Doleiite 57.17 15.83 0.83 8.67 2.65 1.28 0.11 42.4 19.1 
McMurdoVolcanic 42.69 13.83 3.82 10.78 3.53 1.49 0.86 33.9 3.6 
Group (basic) 
McMurdo Volcanic 52.76 19.1 1.73 5.06 7.23 3.86 0.58 43 1 1  
Group (intermediate) 
Lashly Formation 77.86 12.7 0.53 1.06 1.72 2.26 0.03 63.7 24 
(ieoclieniical Indicators of Weathering and Ccnozoic Palacoclimalcs in Scdimcnts I'roiii CRP- 1 and GIROS- I 67c) 
Purged CIROS Mudstone CIA 
Fig. 3 -CIA values for all mudstone samples from CIROS-l, plotted vs 
sub-bottom depth. General age boundaries are shown. Note decreasing 
CIA values and large variability between 700 and -380 mbsf, and 
relatively constant CIA values above -380 mbsf. 
compared with the CIA values for the basement rocks and 
the BeaconILashly sediments. As a result, the increased 
contribution of McMurdo Volcanic Group material above 
62 mbsf does appear to be responsible for at least some 
portion of the upsection decrease in "apparent" CIAs. 
Detailed compositional modelling, beyond the scope of 
the present study, will be needed to remove the overprint 
of provenance changes from the CIA record, so that the 
true palaeoweathering signal can be extracted and 
interpreted. 
The stratigraphic profile of CIA values for CIROS-1 
mudstones is presented in figure 3, plotted as a function of 
sub-bottom depth at CIROS-1. These CIA values are 
generally larger and more variable than the CIA values at 
CRP- 1. On first examination, these characteristics suggest 
that these sediments, on average, experienced a greater 
amount of chemical weathering than the younger sediments 
recovered at CRP-1. However, the potential effects of 
provenance changes must be evaluated for CIROS- 1, as 
they were for CRP- 1. 
In general, CIAs decrease upsection from the base of 
CIROS-1 to approximately 380 mbsf, and CIAs are 
relatively variable in this interval (Fig. 3). Al-oxide1 
Ti-oxide ratios are relatively uniform through the same 
interval (Fig. 4), ranging from 19 to 21. These Al- 
oxide1Ti-oxide values suggest that Ferrar Dolerite, 
basement, and BeaconILashly sources (Tab. 3) supplied 
most of the sediment to the lower part of CIROS-1, an 
interpretation consistent with the findings of Hambrey et 
al. (1989), George (1989), and Roser & Pyne (1989) based 
on clast composition, sand provenance, and sediment 
Smoothed CRP-1 AI-oxide/Ti-oxide 
0 5 1 0  15 20 25 
Fig. 4 - AI-oxide/Ti-oxide ratios for all mudstone samples from CIROS- 1, 
smoothed with a 5-point moving average and plotted vs sub-bottom 
depth. Decreasing ratios above approximately 380 mbsf reflect an 
increased supply of McMurdo Volcanic Group material. 
geochemistry, respectively. Because these AI-oxide1 
Ti-oxide ratios suggest that sediment provenance remained 
relatively uniform through this interval, the upsection 
decrease in CIAs might be interpreted as resulting primarily 
from a decrease in the importance of chemical weathering 
through the late Eocene. The variability of CIAs through 
this interval may indicate that a mixture of chemically 
weathered and relatively unweathered material was 
supplied through this time, but may also record more 
subtle changes in the relative importance of the various 
sediment sources. More detailed modelling of sediment 
mixing will be needed to differentiate the provenance and 
palaeoweathering signals. 
CIAs shift to lower and more uniform values above 
approximately 380 mbsf in CIROS-1 (Fig. 3), whereas 
AI-oxide1Ti-oxide ratios consistently decrease upsection 
(Fig. 4). The decrease in the Al-oxide1Ti-oxide ratio 
indicates an increased input of McMurdo Volcanic Group 
material, as interpreted previously on the basis of 
geochemical data (Roser & Pyne, 1989), sand provenance 
(George, 1989), and clast composition (Hambrey et al., 
1989). This increased contribution of McMurdo Volcanic 
Group material helps to explain the drop in CIA values at 
about 380 mbsf (Tab. 3). However, the fact that CIAs 
remain relatively constant above 380 mbsf as the 
Al-oxide1Ti-oxide ratios continue to decrease upsection 
suggests that either: 1) chemical weathering effects actually 
increased through the late Oligocene and early Miocene, 
Smoothed CRP-1 and CIROS (purged) CIA 
Fif;. 5 - Composite CIA profile for samples from CRP-1 and CIROS- 1. 
smoothed with a5-point moving average. "Cumulative" depth produced 
by placing CRP- 1 011 top of CIROS- 1 .  Upsection decreases inCIA values 
suggest increased effects of physical weathering during the late Eocene 
;incl the Miocene. but provenance changes obscure the palaeoweathei-ing 
signal in the Oligoccnc and Miocene intervals. 
which is inconsistent with lithostratigraphic evidence of 
continued cooling (Hambrey et al.. 1989), or 2) this 
provenance change cannot be explained by simple two- 
component mixing. This question will be addressed in 
future work by more detailed modelling of sediment 
mixing. 
Al-oxide~Ti-oxide values in the upper 300 m of CIROS- 1 
range from 12 to 19, which are approximately the same as 
Al-oxide/Ti-oxide values below 62 mbsf in CRP-1. These 
similar Al-oxide1Ti-oxide ratios suggest relatively similar 
source area contributions, yet the CIAs of the CRP- 1 sediments 
are consistently and significantly lower than those from 
the upper 300 m of CIROS- 1. This apparent decrease in 
chemical weathering effects may indicate climatic cooling 
during the Miocene, but may also be affected by the 
complexities of multi-component sediment mixing. The 
resolution of this question will require more detailed 
modelling of sediment mixing. 
SUMMARY AND CONCLUSIONS 
The combined CIA profiles for CIROS- 1 and CRP- 1 
are presented in figure 5, plotted on a simple "cumulative" 
depth scale that places the 148 m recovered at CRP-1 on 
top of the section recovered at CIROS- 1. In addition, both 
CIA profiles have been smoothed with a 5-point moving 
average, in order to highlight major trends. The smoothed 
record clearly shows: 1) the upsection decrease in CIAs 
through the late Eocene, which appears to result from a 
decrease in the extent of chemical weathering, 2) the step 
to lower and more uniform values for tlie Ol i ;~ , i~viu- ,  
which carries a signal of provenance changes. perhaps 
iicconipanied by changes in the cxtcnt of clux~~ii(,iil 
wciitlicring. 3) the decrease from CIROS- 1 M ioixbiir 
sediments to CRP- 1 Miocene sediments. which appc;irs to 
indicate a further decrease in chemical weathering. iind , I )  
the provenance-dominated decrease in thc late Miocrnr. 
Some of these CIA decreases record increased glin'iiil 
influence that also can be recognized in sed iiiiciil;ii~y 
lithofacics: the most notable is the step from gliici;il 
influence to glacial predominance at or near the l<owin'/ 
Oligocene boundary. A more detailed interprctal ion ol'llic 
palaeoweathering and palaeoclimatic component 01'  (lie 
CIA record, however, will only be possible alk-r [In.- 
overprint of provenance changes has been removed iising 
mixing models. 
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